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Abstract 
In order to increase the efficiency of an air-based hybrid Photovoltaic/Thermal solar collector, a high heat transfer 
coefficient can be achieved between the absorber plate and the air by using impinging jets.  A predictive model of a 
PV/Thermal collector using impinging jets was developed, and a prototype was built and operated at an outdoor 
facility in order to validate and test the model capabilities. Overall, the model was found to produce relatively 
accurate results. Over 8 days of testing, the worst total daily energy model predictions were within 10% and 11% of 
the experimental value for the thermal and electrical outputs, respectively. The influence of time step and thermal 
mass on the accuracy of the model were examined. 
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Nomenclature 
C specific Heat (J·kg-1·K-1) 
h heat transfer coefficient (W·m-2·k-1)  
ሶ  mass flow rate of air (kg/s) 
P photovoltaic electrical output (W/m2) 
S(τα) solar radiation absorbed by plate (W/m2) 
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T temperature (K) 
t time (s) 
w width of collector (m) 
x distance along flow direction (m) 
z thickness of plate (m) 
ρ density of plate (kg/m3) 
Subscripts 
f,avg air average over control volume 
f,in air entering control volume 
f,out air leaving control volume 
i ,  j plates of interest 
n current time step 
 
1. Introduction 
One way to increase the efficiency of air based solar collectors is to enhance the heat transfer between 
the working fluid and the collector plate.  This can be done through the use of impinging jets of air on the 
plate instead of the traditional parallel flow.  In the parallel flow situation shown in Figure 1a, heat 
transfer on the absorber plate occurs through forced convection in parallel flow.  In Figure 1b, the heat 
transfer occurs through impinging jets.  The latter configuration can achieve higher heat transfer 
coefficients at the same flow rate. 
A simple impinging jet collector model was developed by Choudhury and Garg [1] and Rask et al. [2] 
who were the first to experimentally study such collector.  Both studies showed an increase in efficiency 
compared to a parallel plate collector; between 10 and 20% depending on the configuration, test 
conditions, and flow rate.  Belusko et al. [3] modeled and tested an unglazed impinging collector where 
the jet impingement was induced by negative pressure and the absorber plate was corrugated.  They found 
a 21% increase in efficiency under typical conditions. 
In recent years, there has been a lot of effort into combining photovoltaic and solar thermal 
technologies into the same panel. When photovoltaic panels are exposed to the sun, they produce 
electricity. Due to their relatively low conversion efficiency, however, they also heat up.  If this heat 
energy is collected, thereby cooling the PV cells, it is possible to increase the PV efficiency.  By replacing 
or augmenting absorber plates with photovoltaic cells, it may be possible to increase solar collectors’ 
conversion efficiency by increasing the PV output, at a reduced thermal output. 
2. Model 
A model of a PV/Thermal impinging jet collector has been developed [4] [5] using the simulation 
program TRNSYS. The impinging jet PV/Thermal flat plate collector consists of five different layers 
(Figure 2): the glass cover, the PV, the layer on which the PV is glued (Plate 2 or P2), the perforated plate 
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(Plate 1 or P1), and the back insulation.  The model was based on an energy balance at each layer of the
collector. Figure 2 shows a schematic of the heat transfer between all layers.
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Fig. 1. Typical parallel flow solar collector and impingement solar collector
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Fig. 2. PV/Thermal impinging jet collector energy balance
The model was simplified using the following assumptions: Heat transfer in the x-direction (see Figure
3) is neglected; only the fluid carries heat energy between discretized elements. The flow rate through the
perforated plate is uniformly distributed, and the mass of the fluid was always assumed to be negligible
and is not shown in the energy balance equations.
The energy balance at each layer of the collector and at each air layer was of the form shown in 
equations 1 and 2 respectively. A detailed model can be found in [4] and [5].
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2.1. Solving the energy balance equations 
The backwards Euler method is the numerical method used to solve the differential equations. 
Rearranging the energy balance equations, we can isolate the appropriate variable.  As an example, the 
general form of the energy balance equations for the different plates is shown in equation 3. 
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3. Experiment 
An experiment was conducted to validate the model.  The PV/Thermal collector was constructed, and 
an apparatus was designed and built to change operating conditions and to monitor the results. The intent 
was to verify the models accuracy to both steady-state and transient conditions, and its response to 
parameters such as insolation, inlet temperature, and ambient temperature. A picture of the prototype and 
a cross section schematic can be seen as Figure 3. 
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x
 
 
Fig. 3. Impinging Jet PV/Thermal Collector: Prototype and schematic 
3.1. Prototype construction 
The collector frame was made of four 5” x 0.5” aluminum bars.  The collector’s aperture dimensions 
were 1.34m x 0.58m for an aperture area of 0.78m2.  
18 photovoltaic (PV) cells were glued to P2 with a thermally conductive adhesive (conductivity of 1.4 
W/m∙K) of an approximate thickness of 0.35mm.  Approximately 75% of every PV cell was glued to the 
glass pane.  The total area of PV cells was 0.26744 m2, which was equivalent to 34% of the aperture area. 
The PV cells were rated at 2.5Wpeak (5 Amp, 0.5V).  The cells efficiencies and temperature coefficients 
were approximated by testing three cells with a solar simulator.  The average efficiency of the three cells 
at 25.33°C was 11.88%.  The average maximum power point current, voltage, and power temperature 
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coefficients were found to be 0.0086 A/°C, -0.0038 V/°C, and -0.012 W/°C. The emissivity of the PV 
cells was measured with a spectrophotometer to be 0.55 and the solar absorptivity was 0.8.  
A standard sheet of 3.09mm tempered soda lime glass was used for the glass cover.  The solar 
transmissivity of the glass to the solar spectrum is 0.834, and the reflectivity is 0.075.  The infrared 
emissivity is 0.84.  The extinction coefficient was calculated to be 30.9m-1. The sheet of glass on which 
the PV cells were glued (P2) was a 3.28mm sheet of low-iron glass.  Its transmissivity was 0.899, 
reflectivity 0.081, and emissivity 0.84.  The extinction coefficient was calculated to be 8.98m-1.  Both 
glass panes had a refractive index of approximately 1.526. 
The perforated plate was made of 4’-5 1/8” x 1’-11 3/8” x 1/8” aluminum plate.  The 0.25” diameter 
holes were drilled with a distance of 3” between holes. The perforated plate had an emissivity of 0.68, and 
a solar absorptivity of 0.91.  The back plate of the collector consisted of a 4’-5 1/8” x 1’-11 3/8” x 1/8” 
aluminum plate.  Its emissivity was measured to be 0.59. 
The collector was insulated on all four sides, and the back with 0.75” polyisocyanurate with a nominal 
conductance of 1.27 W/m2 K. 
3.2. Apparatus 
The collector was tested outdoors.  Figure 4 is a schematic of the experiment apparatus.  Not shown on 
Figure 4 are an ambient humidity and temperature sensor and an anemometer, both located 4 meters west 
at an elevation of 0.6 meters above the top of the collector. A pyranometer was installed on the same 
plane as the collector, and it measured the total solar radiation on the plane of the collector. 
 
Fig. 4. Experiment apparatus schematic 
4. Results 
Data gathered from the experiment was fed into the previously discussed TRNSYS model.  Various 
standard TRNSYS types were used to read data, calculate dew point temperature, and calculate effective 
sky temperature.  To approximate beam, sky diffuse, and ground diffuse solar radiation, a TRNSYS 
model first written by Ann L. Barrett [6], and then modified by Véronique Delisle [7] was used. 
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4.1. Thermal mass 
In typical collectors, the plates are supported by an insulating material with relatively small thermal 
mass, and the air only exposed to this material.  The frame then supports the insulating material.  In this 
experiment, the plates were supported by the aluminum frame, and the warm air was in contact with the 
frame.  This made the construction of the collector much simpler than a typical collector.  The drawbacks 
however, are that the frame plays a greater part in the thermal mass of the collector, and also acts as a 
thermal bridge between the plates.  To see the effects of thermal mass on the model, and the added effect 
of the frame, data taken on March 31st 2010 was compared to the TRNSYS model for three cases with a 
time step of 5 minutes.  For March 31st, the flow rate was kept at 0.04kg/s, and the inlet temperature was 
set approximately equal to ambient temperature. 
The first case analyzed was the “zero-capacitance” model.  In this model, the transient effects were 
neglected and the collector plates and frame were assumed to have no mass.  The second case was the 
“standard thermal mass” model.  The standard thermal mass model included the thermal mass of the 
plates, but not the frame.  The last case was the “added thermal mass” model.  This model accounted for 
the extra thermal mass of the frame.  To account for the thermal mass of the frame, the densities of each 
plate were increased by 65% in the model.  The amount by which to increase the densities of each plate 
was calculated so that the sum of the thermal mass of the plates used in the model was the same as the 
total thermal mass of the actual collector (plates and frame) as used in the experiment. 
After running all three models, it was found that the best fitting model was the “standard thermal 
mass” model that accounts only for the mass of the plates.  All three models gave almost exactly the same 
results for the electrical output, but the thermal output yielded more significant differences.  Figure 5 
shows the experimental results and the model results for the PV electrical output.  The PV output 
difference between the three models was so small that it cannot be seen on a graph.  For that reason, only 
one graph is shown for all three models. 
Figure 6 shows the heat gain results of the “standard” and “added” mass models, the “zero-
capacitance” model, and the experimental results for the heat gain. .It is clear that the two models with 
thermal mass yield very similar results, except that the “standard mass” model response is slightly faster 
at the beginning of the day. The “zero-capacitance” model is much quicker to respond to changing 
parameters, and this creates large variations in the thermal output in relatively short amounts of time. 
The root mean squared deviation (RMSD) between each model and the experimental data was 
calculated.  The RMSD values for the “added mass”, “standard mass”, and “zero-capacitance” models 
were found to be 32.4 W, 32.0 W, and 45.5 W respectively. 
Another way of looking at how well the model fits is by considering the total energy collected over a 
certain amount of time.  Table 1 shows the energy output for the models and the experiment of March 
31st.  The zero-capacitance model seems to be the best at predicting the total energy gain for the day.   
This should, however, not be seen as a proof that the zero-capacitance model is better.  For that day, 
the two other models seem to constantly slightly underestimate the heat gain, but the zero-capacitance 
model greatly overestimates the heat gain for the first hour of the day.  This seems to yields just enough 
extra heat gain to make up for underestimating the rest of the day.  The transient trends are estimated with 
much better accuracy by the two models with mass, as noted by the RMSD.  
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Fig. 5. March 31st electrical output 
 
 
  
Fig. 6. March 31st thermal output 
 
 
Table 1. March 31 total daily energy output comparison for varying thermal mass 
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4.2. Time step 
Another important parameter that should be studied is the time step size.  For the purposes of this 
research, a small time step should be used to pick up as much of the transient effects of the collector as 
possible; however, most of the weather data available for typical simulation is hourly.  It is therefore 
important to make sure that the model yields acceptable results at a small time step and an hourly time 
step. Three time steps were tested: 1 hour, 30 minutes, and 5 minutes. The experimental and weather data 
was recorded every 0.5 seconds, but averaged over the relevant time step. 
 
Table 2. March 31 total daily energy output comparison for varying time step 
 
 
 
The total energy output for the first 8 hours of the day at different time steps are shown in Table 2.  All 
three time steps show good agreement with the experimental data.  Even though the 1 hour time step was 
slightly better at predicting the total energy output for the day, the 5 minutes time step provides much 
more information about the collector than the 1 hour time step.  Also, one factor to keep in mind is that 
the initial conditions of the collector fed into the model (at the beginning of the day) are not exact.  For 
the 5 minutes time steps, the first two time steps were typically discarded to account for startup errors.  
This was not possible for the 30 minute and 1 hour time steps and it may have had a small effect on the 
behavior of the model for the first time step.  Overall, the three time steps yield very good results for that 
particular day. 
4.3. Results for all test days 
The collector was tested for a total of 8 days, with varying inlet temperatures and flow rates.  Figure 7 
shows a plot of the model vs experimental heat gain for the 8 test days.  The RMSD for all data points 
(every 5 minutes) was 35.4 W.  A major deviation can be seen in Figure 7 for 3 points on March 5th.  On 
March 5th, the collector was allowed to stagnate before the fans were turned on.  The large deviation 
happens at that time, and may be due to the large transient effects during the first few minutes, or error in 
the model when the collector is at high temperature (high heat loss). 
Figure 8 shows a plot of the model vs experimental PV output for all of the modeled days, The RMSD 
for all the data points was 1.26 W.  There appears to be a non-linear trend missing from the electrical 
model.  This may be due to the model not taking into account the irradiance level as having an effect on 
the cell efficiency.  All tested days yielded a total energy gain within 11% of the modeled results. 
 
Time Step Heat Gain (W·h) Electrical Energy (W·h) Heat Gain (W·h) Electrical Energy (W·h) Heat Gain Electrical Energy
1 hour 2277.3 144.4 2308.8 151.7 -1.4 -4.9
30 min 2262.1 144.8 2307.7 151.7 -2.0 -4.7
5 min 2207.0 145 2306.2 151.6 -4.4 -4.5
Experiment % Difference with experimentStandard mass model
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 Fig. 7. Modeled vs. Experimental heat gain 
4.4. Performance 
In order to quantify how well the collector works, its efficiency can be calculated.  Because the 
experiment was always stopped before the collector completely cooled down at the end of the day, the 
thermal efficiency of the collector would be underestimated if the efficiency for the full day was to be 
calculated.  Knowing this, it is still possible to evaluate the efficiency of the collector for March 31st.  A 
total of 4515.3 W·h was incident (including sky and ground diffuse radiation) on the collector between 
8:05 and 16:25.  For that same time period, the model predicted 2311.5 W·h of heat gain and 148.3 W·h 
of electrical energy produced.  This means that the collector converted 54.5% of incident solar radiation 
in either heat or electrical energy. 
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 Fig. 8. Modeled vs. Experimental electrical output 
 
 
Figure 9 shows the total modeled thermal and electrical energy output for March 31st and different 
configurations of the collector.   
x The first case is the experiment prototype discussed previously.   
x The second case is a thermal collector (no PV) with the same dimensions as case 1.  Plate 2 
(P2) is an opaque absorber with the same optical properties as P1.   
x The third case is for a PV/Thermal collector like the first case, but with opaque Plate 2 (P2).   
x The fourth case is for a collector with 100% PV coverage.  For the particular conditions on 
March 31st, the thermal collector without PV produces the most energy of all the cases.   
x The fifth case is for a PV module using the same PV cells as the ones used in the collector, 
and with the same area as the collector.  This module was modeled using type 94a in 
TRNSYS.  Assumptions had to be made regarding the nominal operating cell temperatures 
and conditions.  This case produces slightly more electrical output than for case 4. 
x The last case is for no flow conditions.  The collector is stagnating, and the only electrical PV 
energy is gained.  Even though there is roughly 3 times the amount of PV area compared to 
case 1, the PV output is only increased by 70%.  This is due to the high temperature of the 
cells in stagnating conditions (around 370K).  It is important to note that a typical PV module, 
like in case 5, would not be built in such way that very little heat losses would occur.  In 
reality, a PV module would most likely be much cooler, and therefore produce more 
electricity, than the stagnating collector. 
These results are not necessarily true for all conditions and parameters.  For example, a larger value of 
ሺǦሻȀ would yield greater losses in the opaque P2 case with possibly less impact on the transparent 
case because the collector effectively becomes a double glazed collector in the case of a transparent P2.  
Also, if the PV cells absorptivity was comparable to that of the absorber, the case with 100% PV 
coverage would likely yield a larger total output than that of the fully thermal collector.  A full parametric 
study would be required in order to know more about the effects of changing parameters in the collector. 
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Fig. 9. Total energy output for various configurations of collector on March 31 
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